Bipartite geminiviruses are small, plant-infecting viruses with genomes composed of circular, single-stranded DNA molecules, designated A and B. Although they are closely related genetically, individual bipartite geminiviruses frequently exhibit host-specific adaptation. Two such viruses are bean golden mosaic virus (BGMV) and tomato golden mosaic virus (TGMV), which are well adapted to common bean (Phaseolus vulgaris) and Nicotiana benthamiana, respectively. In previous studies, partial host adaptation was conferred on BGMV-based or TGMV-based hybrid viruses by separately exchanging open reading frames (ORFs) on DNA A or DNA B. Here we analyzed hybrid viruses in which all of the ORFs on both DNAs were exchanged except for AL1, which encodes a protein with strictly virus-specific activity. These hybrid viruses exhibited partial transfer of host-adapted phenotypes. In contrast, exchange of noncoding regions (NCRs) upstream from the AR1 and BR1 ORFs did not confer any host-specific gain of function on hybrid viruses. However, when the exchangeable ORFs and NCRs from TGMV were combined in a single BGMV-based hybrid virus, complete transfer of TGMV-like adaptation to N. benthamiana was achieved. Interestingly, the reciprocal TGMV-based hybrid virus displayed only partial gain of function in bean. This may be, in part, the result of defective virus-specific interactions between TGMV and BGMV sequences present in the hybrid, although a potential role in adaptation to bean for additional regions of the BGMV genome cannot be ruled out.
INTRODUCTION
The cellular infection cycles of plant viruses can be broadly subdivided into phases of genome replication and intercellular movement, each of which requires interaction between viral and host components. Such interactions may include not only the recruitment of host cellular factors and machinery to participate in virus multiplication and systemic dissemination but also the suppression of antiviral defense mechanisms (see, e.g., Voinnet et al., 1999) . The collective efficiency of these various interactions in a given host defines a property of the virus, which may be termed its host adaptation. Viruses in the family Geminiviridae infect a broad range of plant species, but individually their host ranges are often quite narrow. Consequently, geminiviruses are use-ful model systems with which to study the viral factors that determine host adaptation.
Gene disruption or missense mutations have been shown experimentally to restrict the normal host range of various geminiviruses (Ingham and Lazarowitz, 1993; Ingham et al., 1995; Haley et al., 1995; Jupin et al., 1994; Liu et al., 1998) . However, such loss-of-function phenotypes could result from defective interactions between viral factors, and they do not necessarily implicate a direct role in host adaptation for the targeted viral gene products. This effect is evident in the behavior of viable pseudorecombinants when they can be formed from the genome components of distinct bipartite geminiviruses. Such pseudorecombinants exhibit reduced fitness relative to the parent viruses, and typically they also have a restricted host range Höfer et al., 1997; Hill et al., 1998) .
Although, in principle, pseudorecombination can be used to localize genetic determinants of host adaptation in bipartite geminiviruses to DNA A or DNA B (Fig. 1) , only one successful application of this approach has been documented to date (Hou and Gilbertson, 1996; Hou et al., 1998 ). An alternative strategy, which is more generally applicable, is to construct recombinant hybrid viruses in vitro and test them for host-specific gain-offunction phenotypes. By this means, genetic determinants of host adaptation can be identified unambigu-ously and localized precisely in the viral genome. We have applied the latter approach to the analysis of two well-characterized bipartite geminiviruses, bean golden mosaic virus (BGMV) and tomato golden mosaic virus (TGMV), in their differential hosts Nicotiana benthamiana and common bean (Phaseolus vulgaris) . By the criteria of symptom severity and extent of viral DNA accumulation, TGMV is well adapted to N. benthamiana, whereas BGMV is well adapted to bean. Although both TGMV and BGMV have high specific infectivity to N. benthamiana, BGMV accumulates to low levels and gives rise to asymptomatic systemic infections. In contrast, TGMV has low specific infectivity to bean (ϳ10% that of BGMV), in which it elicits milder symptoms and accumulates viral DNA to lower levels than does BGMV.
Previous attempts to identify host-adapted regions of the genome in TGMV and BGMV focused on protein coding sequences (Fig. 1) . Genetic complementation of virus mutants and the analysis of artificially constructed hybrid viruses showed that all of the proteins encoded by BGMV and TGMV, with the exception of AL1 (Fontes et al., 1994; Gladfelter et al., 1997) , can be functionally exchanged between the two viruses Gillette et al., 1998) . These studies revealed that the TGMV BL1 and/or BR1 movement proteins, and probably also the AL2 transcription regulator, are better adapted to function in N. benthamiana than their BGMV homologs. In contrast, the coat protein (AR1) and the AL3 protein, which stimulates viral DNA replication (Sunter et al., 1990) , are not differentially adapted to this host. In bean, enhanced host adaptation could be conferred on a TGMV-based hybrid virus by the BGMV AL23 open read-ing frames (ORFs), but in this case the protein(s) responsible was not definitively identified (Gillette et al., 1998) . Although host-specific gain-of-function phenotypes were observed in these studies, the increased fitness of hybrid viruses was only partial relative to a well-adapted wildtype virus. Here we tested hybrid viruses in which all of the functionally exchangeable ORFs were replaced. Because the AL2 protein has been implicated in host adaptation (Gillette et al., 1998) , we also exchanged the ARi and BRi noncoding regions (NCRs), which contain proximal elements of the AL2-responsive AR1 and BR1 promoters (Sunter and Bisaro, 1992 ). Finally, we tested the host adaptation of BGMV-based or TGMV-based hybrid viruses in which both the exchangeable ORFs and the ARi/BRi NCRs were replaced simultaneously.
RESULTS

Adaptation of BGMV-based hybrid viruses to N. benthamiana
To determine whether all the exchangeable A and B component ORFs of TGMV together could confer full adaptation to N. benthamiana on a BGMV-based hybrid virus, we inoculated plants with a BGMV-based hybrid A component containing the AR1, AL2, and AL3 ORFs of TGMV (designated BT-AR1AL23) together with a BGMVbased hybrid B component containing the BR1 and BL1 ORFs of TGMV (designated BT-BR1BL1). In contrast to wild-type BGMV, which gives rise to asymptomatic infections in N. benthamiana, the BGMV-based hybrid virus with all the exchangeable ORFs from TGMV (BT-AR1AL23 ϩ BT-BR1BL1) produced medium-to largediameter chlorotic lesions on inoculated leaves, together with slight epinasty and chlorotic flecking of veins in systemically infected leaves. The relative accumulation of viral DNA in systemically infected leaves at 10 days postinoculation (dpi) was determined by Southern blotting ( Fig. 2 ) and PhosphorImager analysis (Table 1) . Although infection with this hybrid virus generated symptoms, the overall levels of viral DNA accumulation (ssDNA plus dsDNA forms of DNA A and DNA B) were only about twofold greater than those achieved by wildtype BGMV. Thus, the proteins encoded by the TGMV AR1, AL2, AL3, BR1, and BL1 ORFs were insufficient to confer full adaptation to N. benthamiana, even in combination.
Viable hybrid viruses have also been obtained by exchanging the ARi or BRi NCRs individually between BGMV and TGMV (H.-C. Hung and I. T. D. Petty, submitted for publication). When BGMV-based hybrid DNA components containing TGMV ARi (BT-ARi) or TGMV BRi (BT-BRi) were combined to form a hybrid virus with both NCRs from TGMV (BT-ARi ϩ BT-BRi), it elicited small chlorotic lesions on the inoculated leaves of N. benthamiana. The symptoms produced on systemically infected leaves by this hybrid virus were similar to those produced by the BGMV-based hybrid virus with all the exchangeable ORFs from TGMV (BT-AR1AL23 ϩ BT-BR1BL1), although the chlorotic vein flecking was less uniform. Analysis of the overall viral DNA accumulation revealed that the hybrid virus containing the ARi/BRi NCRs from TGMV (BT-ARi ϩ BT-BRi) accumulated to only slightly greater levels (ϳ1.4-fold) than that of wild-type BGMV (Table 1) . Thus, the combination of ARi and BRi NCRs of TGMV, which harbor proximal elements of the AR1 and BR1 promoters, failed to confer significant adaptation to N. benthamiana.
We next tested a BGMV-based hybrid virus with both the exchangeable ORFs (AR1, AL2, AL3, BR1, and BL1) and ARi/BRi NCRs of TGMV (BT-ARi1AL23 ϩ BT-BRi1BL1). When this hybrid virus was inoculated onto N. benthamiana it elicited symptoms that were very similar to those produced by wild-type TGMV. The symptoms consisted of large, diffuse chlorotic lesions on the inoculated leaves and extreme rugosity, distortion, and chlorosis of systemically infected leaves. The plants were also considerably stunted. Although the overall symptom phenotype of the BGMV-based hybrid virus with TGMV NCRs and ORFs was similar to wild-type TGMV in N.
benthamiana, it differed in producing a more uniform chlorosis of systemically infected leaves instead of the pronounced vein-yellowing which is characteristic of the cloned TGMV isolate used in this study. Consistent with the symptoms, analysis of viral DNA in systemically infected leaves revealed that the hybrid virus accumulated ϳ40-fold more than did wild-type BGMV. The overall accumulation of viral DNA for the BGMV-based hybrid virus with TGMV ORFs and NCRs (BT-ARi1AL23 ϩ BT-BRi1BL1) was ϳ72% of the overall level for wild-type TGMV. However, while the A and B DNA components of wild-type TGMV accumulated in a molar ratio of ϳ1:3, the BGMV-based hybrid A and B components accumulated in approximately equal amounts. Thus, the hybrid A component (BT-ARi1AL23) accumulated in excess of TGMV DNA A, whereas the hybrid B component (BT-BRi1BL1) accumulated to lower levels than that of TGMV DNA B (Table 1) .
Reciprocal TGMV-based hybrid viruses exhibit loss of function in N. benthamiana
Previously, it was shown that TGMV-based hybrid viruses with either the BGMV AL2 and AL3 ORFs (TB-AL23) or the BGMV BR1 and BL1 ORFs (TB-BR1BL1) gave rise to attenuated infections in N. benthamiana relative to wild-type TGMV (Gillette et al., 1998; Schaffer et al., 1995) . Thus, it was expected that combining all the exchangeable ORFs of BGMV into one TGMV-based hybrid virus would further compound the attenuated phenotype in N. benthamiana. Inoculation of plants with such a TGMVbased hybrid virus (TB-AR1AL23 ϩ TB-BR1BL1) revealed the expected phenotype. The plants remained completely asymptomatic, although systemic infections developed. When assayed by Southern blotting (Fig. 2 ) and PhosphorImager analysis (Table 1) the overall accumulation of viral DNA in systemically infected leaves at 10 dpi was found to be only ϳ2.4% that of wild-type TGMV.
As with the BGMV-based hybrid viruses described above, TGMV-based hybrid viruses with either the ARi or BRi NCRs from BGMV (TB-ARi and TB-BRi, respectively) are viable, but they produce attenuated infections in N. benthamiana relative to wild-type TGMV. Individual analysis of TB-ARi and TB-BRi suggested that their attenuated phenotypes are the result, at least in part, of a negative cis-acting effect on DNA accumulation, which is conferred by the presence of the BGMV NCR (or the absence of the TGMV NCR) in each case (H.-C. Hung and I. T. D. Petty, submitted for publication). When these DNA components were coinoculated onto N. benthamiana plants to produce a TGMV-based hybrid virus with both NCRs from BGMV (TB-ARi ϩ TB-BRi), an additive attenuating effect was observed. Smaller chlorotic lesions were elicited on inoculated leaves than when either NCR hybrid was coinoculated with the appropriate wild-type DNA component, and symptoms on systemi- . At 10 dpi, total cellular DNA was extracted from systemically infected leaves and 2.5-g aliquots were electrophoresed and Southern blotted. Blots were hybridized with restriction fragments from AL1 (A, upper panels) or BLi (B, lower panels), which cross-hybridize equally to the wild-type and hybrid viruses. Samples from plants infected with TGMV-based viruses were hybridized to TGMV-specific probes, while those from plants infected with BGMV-based viruses were hybridized to BGMV-specific probes. The relative positions of open-circular (oc) and supercoiled (sc) dsDNA, and single-stranded (ss) viral DNA forms are indicated on the left. Subgenomic, defective forms of DNA B can also be seen in some lanes. cally infected leaves, which consisted of mild leaf crumpling accompanied by erratic patches of vein yellowing, were also reduced. The overall accumulation of viral DNA by the TGMV-based hybrid virus with BGMV NCRs (TB-ARi ϩ TB-BRi) in systemically infected leaves was only ϳ10% that of wild-type TGMV (Table 1) .
As expected from the foregoing results, a TGMV-based hybrid virus which contained both the exchangeable ORFs and NCRs of BGMV (TB-ARi1AL23 ϩ TB-BRi1BL1) was even more attenuated. This TGMV-based hybrid virus gave rise to completely asymptomatic systemic infections of N. benthamiana, and overall levels of viral DNA accumulation in systemically infected leaves were only ϳ0.3% those of wild-type TGMV (Table 1) . Interestingly, the DNA accumulation in N. benthamiana of the TGMV-based hybrid virus with both NCRs and ORFs from BGMV (TB-ARi1AL23 ϩ TB-BRi1BL1) was even lower than that of wild-type BGMV. Thus, poor adaptation to N. benthamiana of the BGMV ORFs and NCRs cannot be solely responsible for the full extent of attenuation seen for this TGMV-based hybrid virus, and defective virusspecific interactions must additionally contribute to its phenotype.
BGMV-based hybrid viruses display loss of adaptation to bean
In previous studies, BGMV-based hybrid viruses which exhibited a modest gain of function in N. benthamiana were found to be attenuated relative to wild-type BGMV when assayed in bean Gillette et al., 1998) . To determine whether this trend would be maintained, we inoculated beans with the BGMV-based hybrid viruses which contained TGMV NCRs (BT-ARi ϩ BT-BRi), TGMV ORFs (BT-AR1AL23 ϩ BT-BR1BL1), or both (BT-ARi1AL23 ϩ BT-BRi1BL1). In contrast to TGMV, cloned BGMV DNA components have high specific infectivity for bean . Each of the BGMVbased hybrid viruses tested here also had high specific infectivity (Table 2) , and none differed significantly from wild-type BGMV in this respect (P Ͼ 0.05 by Fisher's exact test).
Although their specific infectivity was unaffected by the presence of the TGMV ORFs or NCRs, the BGMVbased hybrid viruses nevertheless exhibited altered symptomatology compared with that of wild-type BGMV. The hybrid virus with TGMV NCRs (BT-ARi ϩ BT-BRi) produced attenuated golden mosaic symptoms, which were similar in appearance but less uniform than those elicited by wild-type BGMV. Beans infected with this hybrid virus were also less stunted than those infected with BGMV. The BGMV-based hybrid virus which contained all the exchangeable ORFs from TGMV (BT-AR1AL23 ϩ BT-BR1BL1) produced a milder, yellow-green mottle, accompanied by leaf distortion and crumpling. These symptoms were similar to those produced separately by BGMV-based hybrid viruses containing only the AL23 ORFs or the BL1/BR1 ORFs of TGMV, as described previously Gillette et al., 1998) . However, the BGMV-based hybrid virus which contained all the exchangeable ORFs from TGMV also occasionally 
a Inoculum was a mixture of plasmids containing the wild-type (wt) or recombinant, hybrid DNA components indicated. b Regions of the viral genome derived from TGMV (T) or BGMV (B) are indicated. Replicon refers to the viral genetic background, which contributes AL1, CR and BLi (Fig. 1) . ORFs refer to the exchangeable ORFs: AR1, AL2, AL3, BR1, and BL1. Noncoding regions (NCRs) refer to ARi and BRi. c Mean overall viral DNA accumulation (dsDNA and ssDNA) is given as a percentage of wild-type TGMV DNA A accumulation. Absolute accumulations of wild-type TGMV DNA A and DNA B were determined in extracts from systemically infected N. benthamiana leaves by Phospho-rImager comparison with cloned dsDNA standards. Estimated accumulations of TGMV-based hybrid viruses were assigned based on PhosphorImager comparison to wild-type TGMV using probes specific for TGMV AL1 and BLi. The accumulation of BT-ARi1AL23 ϩ BT-BRi1BL1 in N. benthamiana was estimated by comparison with wild-type TGMV using cross-hybridizing probes (636-bp XhoI-BstBI fragment from the TGMV AR1 ORF; 924-bp BamHI fragment from the TGMV BL1/BR1 ORFs). The accumulation of other BGMV-based hybrid viruses and wild-type BGMV in N. benthamiana were estimated by PhosphorImager comparison with BT-ARi1AL23 ϩ BT-BRi1BL1 using probes specific for BGMV AL1 and BLi.
produced infected bean secondary leaves that uniquely exhibited high rugosity. These symptoms were very similar in appearance to those produced by wild-type TGMV in N. benthamiana (although not in beans). The symptomatology induced in beans by the BGMV-based hybrid virus which contained both the NCRs and exchangeable ORFs from TGMV (BT-ARi1AL23 ϩ BT-BRi1BL1) was also unlike that of either parental virus. After inoculation of bean radicles, this hybrid virus failed to efficiently invade the primary leaves, on which it elicited yellow spots and erratic vein clearing. However, secondary leaves of infected beans exhibited uniform chlorosis, accompanied by severe dwarfing and distortion of the leaves. Infected plants were also stunted compared with control plants infected with wild-type BGMV. Thus, although BGMVbased hybrid viruses with either NCRs or ORFs from TGMV produced successively attenuated symptoms, the hybrid virus with the TGMV NCRs and ORFs together (BT-ARi1AL23 ϩ BT-BRi1BL1) did not fit this trend.
The relative accumulation of viral DNA by wild-type BGMV and each of the BGMV-based hybrid viruses in systemically infected bean secondary leaves was determined at 21 dpi by Southern blotting (Fig. 3) and Phos-phorImager analysis (Table 3) . Consistent with the attenuated golden mosaic symptoms produced by the BGMVbased hybrid virus with TGMV NCRs (BT-ARi ϩ BT-BRi), bean secondary leaves infected with this hybrid virus contained only ϳ37% as much viral DNA as those infected with wild-type BGMV. The hybrid virus with all the exchangeable ORFs from TGMV (BT-AR1AL23 ϩ BT-BR1BL1), which produced still milder symptoms in bean, accumulated only ϳ9% as much viral DNA as did wildtype BGMV. Interestingly, although the hybrid virus with both the NCRs and exchangeable ORFs from TGMV (BT-ARi1AL23 ϩ BT-BRi1BL1) elicited severe symptoms in infected bean secondary leaves, overall it accumulated only ϳ7% as much viral DNA in these leaves as did wild-type BGMV (Table 3) . Thus, viral DNA accumulation Inoculum was a mixture of 5-g each of plasmids containing the wild-type (wt) or recombinant, hybrid DNA components indicated, which was introduced into bean radicles by microprojectile bombardment.
b Regions of the viral genome derived from TGMV (T) or BGMV (B) are indicated. Replicon refers to the viral genetic background, which contributes AL1, CR and BLi (Fig. 1) . ORFs refer to the exchangeable ORFs: AR1, AL2, AL3, BR1, and BL1. Noncoding regions (NCRs) refer to ARi and BRi.
c Specific infectivity is expressed as numbers of plants infected/inoculated (#) and as percentage of inoculated plants infected (%) . Like symbols in the P column indicate specific infectivities which are not significantly different (P Ͼ 0.05 by Fisher's exact test).
FIG. 3. Accumulation of DNA by wild-type and hybrid viruses in bean analyzed by Southern hybridization. Beans were inoculated with BGMVbased or TGMV-based viruses containing combinations of exchangeable ORFs (AR1, AL2, AL3, BR1, BL1) and noncoding regions (NCRs; ARi, BRi) from BGMV (B) or TGMV (T). At 21 dpi, total cellular DNA was extracted from the secondary leaves of two plants infected systemically with each virus, and 0.5-g aliquots were electrophoresed and Southern blotted. Blots were hybridized with restriction fragments from AL1 (A, upper panels) or BLi (B, lower panels), which cross-hybridize equally to the wild-type and hybrid viruses. Samples from plants infected with TGMV-based viruses were hybridized to TGMV-specific probes, while those from plants infected with BGMV-based viruses were hybridized to BGMV-specific probes. The relative positions of open-circular (oc) and supercoiled (sc) dsDNA, and single-stranded (ss) viral DNA forms are indicated on the left. Subgenomic, defective forms of DNA B can also be seen in some lanes.
was not completely correlated with symptom severity in this system, although it should be noted that the severe symptoms produced by the BGMV-based hybrid virus with both the TGMV NCRs and ORFs appeared qualitatively different from the golden mosaic associated with wild-type BGMV infection.
TGMV-based hybrid viruses do not gain significant adaptation to bean
In contrast to cloned BGMV DNA, which has high specific infectivity when inoculated by microprojectile bombardment of bean radicles, cloned TGMV DNA has low specific infectivity under similar conditions and typically only ϳ10% of inoculated beans become systemically infected . Inoculation of bean radicles with TGMV-based hybrid viruses revealed that hybrids with either the BGMV NCRs (TB-ARi ϩ TB-BRi) or exchangeable ORFs from BGMV (TB-AR1AL23 ϩ TB-BR1BL1) had the same low specific infectivity as wildtype TGMV (Table 2 ). In contrast, the TGMV-based hybrid virus with both the NCRs and exchangeable ORFs from BGMV (TB-ARi1AL23 ϩ TB-BRi1BL1) had a slightly higher specific infectivity (35%), which was intermediate between those of wild-type TGMV (ϳ10%) and BGMVbased viruses (for all, Ͼ80%). The specific infectivity of the TGMV-based hybrid virus with both the NCRs and ORFs from BGMV was significantly less than that of any BGMV-based virus (P Ͻ 0.05 by Fisher's exact test), but because of the relatively small sample size analyzed, whether its specific infectivity was greater than that of wild-type TGMV could not be determined with confidence (P ϭ 0.075 by one-tailed Fisher's exact test). Thus, the infectivity data show that, although the presence of both the NCRs and exchangeable ORFs from BGMV may confer an advantage on a TGMV-based hybrid virus over that of wild-type TGMV, any gain of function is modest in comparison with the specific infectivity phenotypes of wild-type BGMV or BGMV-based hybrid viruses.
Wild-type TGMV and the TGMV-based hybrid viruses with either BGMV NCRs or BGMV ORFs alone produced broadly similar symptoms of yellow-green mottling on infected bean secondary leaves, accompanied by distortion and curling of the leaves and occasional slight rugosity. Wild-type TGMV invades bean primary leaves inefficiently after inoculation into the radicle by microprojectile bombardment and it shared this property with TGMV-based hybrids that contained either BGMV NCRs or BGMV ORFs alone. In contrast, the TGMV-based hybrid virus with both the NCRs and exchangeable ORFs from BGMV (TB-ARi1AL23 ϩ TB-BRi1BL1) was able to invade bean primary leaves more efficiently and produced erratic vein clearing symptoms in addition to the yellow spots seen for wild-type TGMV. Uniquely, this hybrid virus also gave rise to erratic vein clearing and yellow spots on systemically infected secondary leaves.
The relative accumulation of viral DNA by wild-type (Fig. 1) . ORFs refer to the exchangeable ORFs: AR1, AL2, AL3, BR1, and BL1. Noncoding regions (NCRs) refer to ARi and BRi. c Mean overall viral DNA accumulation (dsDNA and ssDNA) is given as a percentage of wild-type BGMV DNA A accumulation. Estimated accumulations of wild-type BGMV DNA A and DNA B in N. benthamiana (molar A:B ratio ϳ4.15:1) were used to deduce their relative accumulations in extracts from bean secondary leaves (estimated A:B ratio of ϳ1.29:1). Relative accumulations of BGMV-based hybrid viruses were determined by PhosphorImager comparison with wild-type BGMV using probes specific for BGMV AL1 and BLi. The accumulation of TB-ARi1AL23 ϩ TB-BRi1BL1 in bean was estimated by comparison with wild-type BGMV using cross-hybridizing probes (410-bp NsiI fragment from the BGMV AR1 ORF; 861-bp NcoI fragment from the BGMV BL1/BR1 ORFs). Strong asymmetry was observed in the relative accumulation of the A and B genome components of this TGMV-based hybrid virus compared to that of wild-type BGMV (BGMV A:TB-ARi1AL23 ϳ42.8:1; BGMV B:TB-BRi1BL1 ϳ6.9:1). The accumulations of other TGMV-based hybrid viruses and wild-type TGMV in bean were estimated by PhosphorImager comparison with TB-ARi1AL23 ϩ TB-BRi1BL1 using probes specific for TGMV AL1 and BLi.
TGMV and TGMV-based hybrid viruses in infected bean secondary leaves was assessed at 21 dpi by Southern blotting (Fig. 3) and PhosphorImager analysis ( Table 3) . The overall accumulation of TGMV DNA in infected bean tissues was only ϳ4% of that achieved by wild-type BGMV. The TGMV-based hybrid virus with BGMV NCRs (TB-ARi ϩ TB-BRi) accumulated DNA to a similarly low level (ϳ5% that of wild-type BGMV). However, the TGMVbased hybrid viruses with either BGMV ORFs alone (TB-AR1AL23 ϩ TB-BR1BL1), or with both the NCRs and ORFs from BGMV (TB-ARi1AL23 ϩ TB-BRi1BL1), each accumulated DNA to slightly higher levels in bean secondary leaves than did wild-type TGMV. Accumulation of the TGMV-based hybrid virus with BGMV ORFs alone was ϳ15% of wild-type BGMV levels, which represents a 3.6-fold increase over that of wild-type TGMV. Interestingly, accumulation of the TGMV-based hybrid virus with both the NCRs and ORFs from BGMV was lower, that is, only ϳ8% of wild-type BGMV levels, or 1.8-fold more than that of wild-type TGMV. Overall, their low levels of viral DNA accumulation in infected beans relative to wild-type BGMV indicate that the TGMV-based hybrid viruses, like wild-type TGMV, are poorly adapted to this host.
DISCUSSION
In an effort to understand what features of the viral genome are required for adaptation of bipartite geminiviruses to their diverse plant hosts, we analyzed a comprehensive set of hybrids generated from BGMV and TGMV. The phenotypes of these hybrid viruses were assayed in both N. benthamiana, to which TGMV is well adapted, and in bean, to which BGMV is well adapted. To identify the features of the TGMV genome required for its adaptation to N. benthamiana, we looked for gain-offunction phenotypes in BGMV-based hybrid viruses. Our results showed that, individually, neither the functionally exchangeable ORFs of TGMV (AR1, AL2, AL3, BR1, and  BL1) nor the ARi and BRi NCRs of TGMV were sufficient to confer adaptation to N. benthamiana on BGMV-based hybrid viruses. Together, however, these regions of the TGMV genome dramatically enhanced the virulence of a BGMV-based hybrid virus. Increased host adaptation was evident not only in the production of very severe symptoms of infection but also in the considerably elevated levels of viral DNA accumulation in systemically infected leaves. Because TGMV and BGMV replicate to similar levels in tobacco protoplasts (Fontes et al., 1994) , differences in the level of viral DNA accumulation in planta are a reflection of differences in the number of cells infected. In situ hybridization analysis has shown that, like wild-type TGMV, the BGMV-based hybrid virus with both the exchangeable ORFs and NCRs from TGMV can efficiently invade the mesophyll of systemically infected leaves, whereas wild-type BGMV and the other BGMV-based hybrid viruses used in this study are restricted to vascular tissues (Morra and Petty, 2000) .
The phenotype of a given BGMV-based hybrid virus in N. benthamiana represents the additive effects of hostspecific gain of function resulting from the TGMV sequences it contains, together with any loss of function resulting from imperfect virus-specific interactions between the BGMV and TGMV sequences, or their encoded proteins. Consequently, enhanced host adaptation conferred by particular TGMV test sequences will be observed only if the host-specific gain of function outweighs the virus-specific loss of function. Offsetting hostspecific and virus-specific effects could account for the overall lack of enhanced host adaptation conferred on a BGMV-based hybrid virus by the TGMV ARi and BRi NCRs alone. Although modest, the gains achieved by a hybrid virus with the exchangeable ORFs alone allowed us to conclude definitively that the TGMV ORFs or their protein products are better adapted to N. benthamiana than their BGMV homologs. The dramatically enhanced host adaptation achieved by combining the TGMV NCRs and ORFs in a single BGMV-based hybrid virus is consistent with two possible explanations, which are not mutually exclusive: (1) the ARi/BRi NCRs as well as the ORFs are host-adapted, but the effect is not manifested unless both are exchanged; or (2) there is significant virus-specific adaptation between the ORFs and ARi/BRi NCRs.
Previously we showed that the AR1 and AL3 proteins of TGMV are not significantly better adapted to function in N. benthamiana than their BGMV homologs (Gillette et al., 1998) . Taken together with these results, the phenotypes of the BGMV-based hybrid viruses described here are consistent with the cooperative action of the AL2, BL1, and BR1 proteins and the BRi NCR in conferring the full adaptation of TGMV to N. benthamiana. The BRi NCR contains proximal elements of the BR1 gene promoter, which is known to be trans-activated by the AL2 protein (Sunter and Bisaro, 1992) . Although the mechanism by which AL2 interacts with responsive promoters is not yet known, its lack of sequence-specific DNA-binding activity in vitro is consistent with models that involve proteinprotein interactions between AL2 and host factors (Sung and Coutts, 1996; Hartitz et al., 1999) . Thus, it is readily conceivable that the BRi NCR of TGMV may be hostadapted through its ability to recruit specific N. benthamiana DNA-binding proteins and that, in turn, TGMV AL2 is adapted to interact efficiently with these particular host proteins to activate transcription from the BR1 promoter. In this manner, sequences in the BRi NCR could affect the extent or timing of BR1 gene expression, and thus the efficiency of cell-to-cell and/or systemic movement of the virus Pooma et al., 1996) . Overall, the results of our hybrid virus analysis suggest that the principal distinction between BGMV and TGMV, which determines their differential adaptation to N. benthamiana, is the efficiency of virus spread through the host. However, this is affected by host adaptation of cis-and trans-acting factors involved in BR1 (and possibly also AR1) gene expression, in addition to host adaptation of the BL1 and BR1 proteins which directly mediate virus movement.
In contrast to the host-adaptation defect of BGMV in N. benthamiana, which can be rescued in trans by coinoculated TGMV, the adaptation defect(s) of TGMV in bean cannot be complemented by coinoculated BGMV , and these results were broadly consistent with the behavior of hybrid viruses observed here. Although the phenotype of a BGMV-based hybrid virus with the exchangeable ORFs and ARi/BRi NCRs of TGMV was substantially similar to wild-type TGMV in N. benthamiana, the reciprocal TGMV-based hybrid virus was not similar to wild-type BGMV in bean. For example, wildtype TGMV and all TGMV-based hybrid viruses had significantly lower specific infectivity than did wild-type BGMV or any BGMV-based hybrid virus. This suggests that features of the TGMV replicon (as defined here, AL1, CR, and/or BLi; Fig. 1 ) determine its low specific infectivity to bean. As expected from the lack of complementation observed in virus coinoculation experiments, these regions of the genome comprise elements that are either cis-acting (promoters, replication origin), or encode a trans-acting but strictly virus-specific factor (AL1). Although the molecular basis for low specific infectivity cannot be established unequivocally, these results suggest that it may be affected by the efficiency of viral DNA replication. This would also be consistent with the reduced specific infectivity observed for a BGMV al3 mutant (Gillette et al., 1998) .
Unlike the molecular mechanisms which determine specific infectivity, those which affect viral DNA accumulation in infected tissues are well established. The overall level of viral DNA accumulation is determined by the efficiency of DNA replication in individual virus-infected cells, together with the number of cells infected in a given tissue sample. The TGMV-based hybrid virus which contained all the exchangeable ORFs from BGMV exhibited a nearly fourfold increase in viral DNA accumulation in bean secondary leaves compared with that of wild-type TGMV. However, although elevated in comparison to wild-type TGMV, this level of viral DNA accumulation still represents only ϳ15% of that achieved by wild-type BGMV. A similar nearly fourfold increase in viral DNA accumulation was noted previously for a TGMVbased hybrid virus which contained only the BGMV AL23 ORFs (Gillette et al., 1998) . Thus, the enhanced DNA accumulation may indicate elevated levels of DNA replication resulting from host adaptation in the AL3 protein of BGMV, or increased numbers of cells may be infected because functions involved directly or indirectly in virus movement are host-adapted. It is noteworthy that DNA accumulation by the TGMV-based hybrid virus with both the exchangeable ORFs and ARi/BRi NCRs from BGMV was less than that of the equivalent hybrid virus with BGMV ORFs alone, not only in beans but also in N. benthamiana. The host independence of this phenotype suggests that the fitness of the TGMV-based hybrid virus with both the exchangeable ORFs and NCRs of BGMV may be compromised by defective virus-specific interactions between the TGMV and BGMV sequences it contains. Nonetheless, in bean this hybrid virus displayed slight gains relative to wild-type TGMV in DNA accumulation, specific infectivity, and in the efficiency of primary leaf invasion. Thus, each of these partial gain-of-function phenotypes must be determined to some extent by host adaptation in the exchangeable ORFs and ARi/BRi NCRs from BGMV.
In conclusion, our results revealed similar, small, or negligible effects on host adaptation, independent of the viral genetic background or the preferred plant host species, when either all the exchangeable ORFs (AR1, AL2, AL3, BR1, BL1) or the ARi/BRi NCRs were assayed individually. However, when the exchangeable ORFs and NCRs were combined in hybrid viruses, their phenotypes were no longer independent of the viral genetic background. In the case of a BGMV-based hybrid virus with the exchangeable ORFs and NCRs from TGMV, we were able to confer adaptation to N. benthamiana, which substantially reproduced that of wild-type TGMV, but the hybrid virus also retained the BGMV-like property of high specific infectivity to bean. In contrast, the reciprocal TGMV-based hybrid virus with the ORFs and NCRs from BGMV exhibited only partial gain of function in bean, and overall the hybrid virus was less fit than wild-type BGMV in both bean and N. benthamiana. Because it is likely that defective virus-specific interactions between the TGMV and BGMV sequences in this hybrid virus contribute to its lack of fitness, further experimentation will be necessary to determine whether the adaptation of BGMV to bean involves regions of the genome in addition to those analyzed in this study.
MATERIALS AND METHODS
Recombinant viral DNA components
Plasmids containing partial tandem dimers of wildtype TGMV DNA A (pTG1.3A), TGMV B (pTG1.4B), BGMV A (pGA1.2A), or BGMV B (pGA1.2B) were previously described (Fontes et al., 1994) . Similar plasmids containing partial tandem dimers of hybrid DNA components in which the AR1, AL23, and BR1/BL1 ORFs and ARi or BRi NCRs were exchanged between BGMV and TGMV were also described ( (BR1, BL1) and BRi NCR of TGMV was constructed by replacing the 2289-bp SnaBI-BssHII (BR1/BL1/BLi/CR) fragment of pGTBRSS with the equivalent 2349-bp fragment from pGTLR2. A TGMVbased hybrid B component containing both the exchangeable ORFs and BRi NCR of BGMV was constructed differently. In this case, site-directed mutagenesis of BGMV DNA B in plasmid pGAB1 (Gilbertson et al., 1991) was used to alter the replication-origin sequences to match those of TGMV. A 2020-bp Bsu36I-NsiI (BRi/ BR1/BL1) fragment was released from the resulting plasmid, pGAB-T3*, and used to replace the equivalent fragment of pTBLR2. The resulting plasmid was designated pTBLR2-BNT3. To make a partial tandem dimer of the TB-BRi1BL1 hybrid DNA, a 0.2-mer (pGA0.2B-T3ٌL) was first constructed by digesting pTBLR2-BNT3 with HindIII and ClaI, filling in the cohesive ends, and recircularization. The unit-length monomer was then released from pTBLR2-BNT3 by digestion with PstI and inserted into the unique PstI site of pGA0.2B-T3ٌL to make pGA1.2B-T3ٌL.
Plant inoculation and analysis
Six-week-old N. benthamiana plants or bean (Phaseolus vulgaris cv. Top Crop) radicles were inoculated by microprojectile bombardment with plasmid DNAs containing partial tandem dimers of wild-type or hybrid viral DNA components, as described previously . Inoculated plants were maintained in growth chambers under the conditions used in previous studies . For N. benthamiana plants, symptoms of infection were recorded at 10 dpi and DNA was extracted from systemically infected leaves and purified as described by Jeffrey et al. (1996) . For bean plants, symptoms of infection were recorded at 21 dpi and DNA was extracted from systemically infected secondary leaves and purified as described by Gillette et al. (1998) . The concentration of DNA was determined by fluorometry in the presence of Hoechst 33258 dye, and aliquots containing 2.5 g of DNA, for N. benthamiana samples, or 0.5 g of DNA, for bean samples, were subjected to electrophoresis, Southern blotting, and PhosphorImager analysis as described previously . Blots were probed sequentially with DNA A-specific or DNA B-specific dsDNA restriction fragments . Conditions for 32 P-labeling of probe fragments, hybridization, washing, and probe-stripping were as described by Schaffer et al. (1995) . The absolute concentration of each wild-type TGMV DNA component was determined by PhosphorImager comparison to cloned viral dsDNA standards, and the concentrations of other viral DNAs were then calculated by comparison to TGMV using cross-hybridizing probes. 
